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ABSTRACT 
The results of heavily doping the P-base regions of 
Gated Diode Switch (GOS) and NPN devices have been 
studied. Devic,e;,characteristics and current-voltage 
characteristics for P-base doses of 2.ox1015 ions/cm2 1 
2.sx1015 ions/cm2 , and 3.0x1015 ions/cm2 have been 
analyzed to determine what mechanisms can be used to 
predict device operation when the P-base implant dose is 
increased. This analysis gives insight into how 
variations in P-base doping level, due to changes in the 
ion implantation process, will change device parameters. 
Forward voltage device characteristics hav~been 
analyzed. Interpretation of this data shows that the 
number of available electrons in the base region decreases 
when the P-base dose is increased. This decrease in the 
number of available electrons occurs because of increased 
recombination in the base regions. The net effect of 
increasing the P-base dose .is that device GOS 
on-resistance increases, while GOS and NPN common emitter 
current gain decreases. 
1 
, 
\ 
Analysis of low current regime I-V characteristics 
for GOS and NPN yields insight into what mechanisms can be 
used to predict device operation as the P-base dose is 
increased. Current-voltage characteristics for these 
devices were compared to ideal p-n junction theory, non-
ideal generation-recombination theory, and tunneling 
theory. When the P-base dose was 2.ox1015 ions/cm2 both 
devices could be modeled using ideal p-n junction theory; 
at the higher P-base doses (2.5xlo15 ions/cm2 and 3.0x1015 
ions/cm2), it was necessary to use the tunneling model or 
the non-ideal generation recombination model to accurately 
predict device current-voltage characteristics. A second 
result of increasing the P-base·current was that device 
leakage current increases: this is an undesired effect. 
T~ese findings, the non-ideality of device operation and 
the increase in leakage current, show that any upw~rd 
variation in P-base dose (e.g., due to lo~g term variation 
in the implant process) will have detr~~ntal effects on 
device operation. 
2 
A. INTRODUCTION 
The gated-diode switch (GOS), illustrated in 
Figure 1, is a dielectrically isolated.high-voltage silicon 
device used in monolithic crosspoint arrays applicable to 
telephone switching networks. This device is basically a 
p-i-n diode with an n+ gate in then-region and p shields 
surrounding the p+ anode and then+ cathode. Then+ gate, 
which is similar to a JFET gate, facilitates the turn-off of 
the switch, but does not affect the forward-bias (ON) 
characteristics, which closely resemble those of a p-i-n 
diode at higher current levels. The cathode shield prevents 
, punchthrough between the gate and cathode in the OFF-state 
and has been shown to limit the injection of electrons into 
the rr-region and hence increase the incremental 
ON-r~sistance,· R0 n, of the device; the anode shield acts as 
a contact to the anode, but does not provide any electrical 
benefit[ 1 ]. The cathode region for this device, which 
consists of an n+ region surrounded by a p shield, has the 
same basic structure as a VLSI emitter-base region with a 
heavily doped base. In particular, the cathode n+-p 
junction in the GDS is a relatively smooth, deep junction. 
The doping concentration for this P-shield region is 
controlled by the P-base implant during wafer fabrication. 
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Figure 1: Gated-diode switch (GDS) cross section and 
corresponding one-dimensional model[l] 
A second device, also used in monolithic crosspoint 
arrays for telephone switching, is the NPN device shown in 
Figure 2. The NPN, like the GOS, is formed in a single 
crystal silicon tub supported with a thick oxide layer by a 
polysilicon substrate. Unlike the GDS cathode region, 
however, the emitter-base region for the NPN is a shallow, 
abrupt junction with high base peak concentration. The 
P-base implant also controls the doping concentration into 
the base region of the NPN. 
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Figure 2: Cross section of NPN transistor[ 2] 
The basis of this paper is to analyze the 
current-voltage (I-V) characteristics for these two devices, 
the GDS and the NPN, at three P-base implant doses (2.ox10 15 
ions/cm2 , 2.sx1015 ions/cm2 , and 3.0x1015 ions/cm2) and at 
three temperatures (298 K, 333 K, and 373 K), to determine 
. 
the impact of change of P-base doping level on device 
characteristics and to develop models which describe device 
I-V characteristics for the low current regime. These 
characteristics are important because for proper device 
functionality leakage current should be minimized. The 
control P-base doping level for this study is 
2.ox1015 ions/cm2 . The implant energy for all three doses 
is 30 keV. 
5 
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Quantitative analysis of how device characteristics are 
affected by the increase of doping levels leads to important 
insight into device physics. In depth study of device I-V 
characteristics is necessary to determine the physical 
models which describe device operation when the P-base 
doping level is increased. <, 
This study is related to advanced bipolar VLSI devices. 
As VLSI device geometries decrease, a coordinated shrink in 
both lateral and vertical device dimensions is required. 
Proper electrical characteristics may be retained for such 
scaled devices by adjusting doping profiles. By increasing 
the doping levels in the base and collector regions, 
operational limits such as punchthrough and base stretching 
can be avoided; however, as a result of this, properly 
scaled transistors will exhibit very shallow junctions with 
high doping levels and steep gradientsE 3]. 
The effects of increasing the P-base dose on VLSI 
devices have been extensively studied. Classical transport 
mechanisms (i.e. drift-diffusion) will still dominate in 
scaled VLSI structures[ 4 ] because of the short lifetime in 
highly doped regions[ 3 ]. However, at increase doping 
levels, fundamentally different current transport mechanisms 
such as tunneling become important for VLSI devices. For 
example, forward-bias tunneling currents have been observed 
6 
, 
at the periphery of self-aligned polysilicon bipolar 
transistors across- the junction formed by the emitter and 
the heavily doped base[ 5]. As device scaling advances and 
as the intrinsic base doping level is increased, tunneling 
is expected to occur across the whole emitter-base area. 
This may pose a limitation to the current gain of scaled 
VLSI transistorsC 6]. 
The physical models which predict behavior for VLSI 
devices with heavily doped base regions may lead to 
important insight into the device physics of the GOS and NPN 
studied here. Evaluation of device I-V characteristics is 
necessary to determine if device physics can be described by 
an ideal p-n junction mechanism, a non-ideal generation-
recombination mechanism, or a tunneling mechanism at high 
P-base doping levels. 
This paper begins with a discussion of the applications 
and the operating characteristics of both the GOS and the 
NPN devices, followed by a brief description of the 
fabrication of these devices. 
7 
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B. LITERATURE REVIEW/ BACKGROUND 
An understanding of device application and operation is 
helpful towards understanding the reasons for this study~ 
Device application and operation for the GOS has been 
studied in detail in the literature [l],[ 2],[ 7 ]-(lOJ. The 
NPN has been mentioned in the literature [ 2 ]; however, it 
has not been studied in depth. 
l. DEVICE APPLICATION AND FUNCTIONALITY 
The GOS and NPN studied here are devices which were 
incorporated in a high voltage integrated circuit developed 
by AT&T Bell Laboratories in early 1980( 2]. This integrated 
. circuit was designed to replace the metallic switches which 
are normally used for the concentrator function on the 
telephone loop. (Telephone switching systems, which serve 
local subscriber loops, must provide relatively high voltage 
functions such as battery feed (50-100 V), 
ringing (90 V RMS) and high voltage signaling and 
testing (150 V) [ 7 ]. It is desirable, in large electronic 
switching systems, to concentrate the expensive line circuit 
and digital interface functions.) To successfully replace 
the concentrator in the telephone loop, this chip must meet 
.. the following requirements: voltage blocking to + 500 :v, 
8 
, 
surge conduction to current levels on the order of one 
ampere, and the interruption of direct currents forced by 
the 48 V DC normally used to power telephone loops[ 2]. This 
chip offers advantages in cost, size, and reliability when 
compared to metallic switches. 
This concentrator switching circuit is fabricated with 
high voltage integrated circuits having dielectrically 
isolated crosspoint switches and control circuits. The 
crosspoint switch element in this matrix is the GOS device. 
The GOS uses the gating and switching principles of the 
field-controlled thyristor[ll],[l2 J. Unlike these devices, 
however, the GOS has a center gate planar· structure and 
realizes bilateral blocking (up to 530V) since both the gate 
to anode and gate to cathode breakdown voltages are large. 
The center gate structure also give other benefits: very 
low cross talk, insensitivity to transients, and full 
current break capabilityC 7 ]. If two switches are connected 
in antiparallel (see Figure 3), a bidirectional current 
capability of 120 mA DC and 500 mA surge is realized[ 7 ]. 
Integrated arrays containing four pairs of bilateral 
crosspoint switches have been used in AT&T's 5ESS switching 
system. Information regarding the use of the GOS in the 
5ESS system has recently been published by MayoC 13 ]; 
information on the SESS system can be found in the AT&T 
Technical Journa1[14]. 
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Figure 3: An antiparallel pair of dielectrically isolated 
gated diode switches is shown with its device symbo1[ 8 ] 
For circuit operation, appropriate gate voltages and 
currents are supplied through a control circuit which is 
illustrated in block diagram form in Figure 4. This circuit 
performs three functionsC 7J: (l} it sources leakage currents 
for off state maintenance; (2) it sinks currents for turn 
on; and (3) it sources substa~tial currents for breaking 
direct currents during turn off. The NPN transistor used in 
this circuit controls the on-off functionality of the GOS 
device. 
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Figure 4: GOS Control Cirduit Block DiagramC 7 ] 
2. DEVICE OPERATION 
The operation of the GDS device has been discussed in 
detail by Hartman, Berthold, Riley, Kohl, Wong, Weston and 
Scott [ 7 ], and by Shackle, Hartman, Riley, North and 
Berthold [ 2 ]. 
a. GOS 
GOS operation will be discussed in three parts: 
(1) off state, (2) turn on characteristics, and (3) current 
break. The information in this section was taken from 
Hartman, Berthold, Riley, Kohl, Wong, Weston, and ScottC 7J. 
11 
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1. OFF STATE 
In the off state, the gate of the GOS is raised to a 
large positive potential (+315 V), causing the diodes 
between the gate and anode and between the gate and p shield 
to be reverse biased and then material to be depleted. The 
substrate is held at this same high positive potential 
causing a potential barrier to hole flow to be caused in the 
region below the gate: this isolates the anode from the 
cathode. The switch terminals can then assume any voltage 
between -265 V (avalanche breakdown limit) and +265 v. The 
difference between the gate voltage and the maximum switch 
terminal voltage is provided to maintain the off state of 
the switch. The center gate serves as an AC ground in the 
off state; this causes cross talk between the switch 
terminals to be negligible. To maintain the off state of 
the control circuit, a leakage current must be provide for 
the gate to anode and the gate to cathode junctions. 
12 
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2. TURN ON CHARACTERISTICS 
To turn the GDS on, the potential on the gate must be 
reduced so that the difference between the gate and the 
anode (or cathode) potential is less than the voltage 
required to maintain the GOS in the off state. Typically, 
the on voltage for the GOS is 20 v. This transient in gate 
voltage is determined by the gate capacitance and the 
control circuit turn on current. When the crosspoints begin 
to turn on, currents flow in the GOS (of the pair in the 
control circuit) that is forward biased by an external power 
supply. Electrons and holes are injected into the rr 
material from the anode and the cathode, respectively. 
Because the external supply has a lower impedance than the 
control circuit, the gate is rapidly pulled down to 
approximately 0.7 V below the anode potential, and the 
switching transient is completed. 
Once the GDS is turned on, it exhibits the forward 
voltage characteristics of p+rrpN+. Typical incremental 
resistance is 18 n • The GOS is a ''normally on'' crosspoint, 
so no power is required to maintain the on state. 
13 
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3. CURRENT BREAK REQUIREMENTS 
The GOS can interrupt direct currents as large as its 
full direct current capacity without sustaining any 
degradation. An NPN transistor with the cathode as the 
emitter, the gate as the collector, and the anode as the 
base is inherent to the GOS. To effect current break, this 
inherent NPN transistor must be pulled out of saturation and 
the gate voltage must be raised to where the GDS is in a 
1.1 blocking state. 
The physical mechanism occurring during turn off can be 
described as a collection of electrons in the gate region. 
This phenomena produces a pulsed gate current load on the 
control circuit. The electrons in the conductivity 
modulated rr region are collected by the gate, and the local 
potential in the gate region is pulled up by the control 
circuit. Once the potential barrier is again established on 
the anode side of the gate region, the flow of potential 
. ', 
holes from the an9de is blocked, and no additional electron 
-
injection from the cathode will occur. 
14 
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4. REVIEW OF GOS ANALYTICAL MODELS 
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v' A device model of the forward bharacteristics of gated 
p-i-n switches has been developed by Smith, Becke, Gammel, 
Shibib, and WongC 9 ]. A second model, specifically for the 
forward characteristics of the GDS device, was developed by 
Mc Donald, Fossum, and Shibib[l]. These models emphasis 
some of the differences between operation of the GOS and the 
conventional p-i-n diode. These analytical models were 
based on a system of equations which were developed from 
p-i-n diode theory for high-injection conditions[lS]-[lS]. 
b. NPN 
The NPN used in this study is a low common emitter 
current gain bipolar junction transistor which is contained 
in a polysilicon tub. The current gain has to be low for 
the high voltage operation of the transistor. Device 
operation for this device is similar to any bipolar junction 
transistorC 19 ]. 
15 
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3. DEVICE FABRICATION 
These devices are currently manufactured by AT&T 
Microelectronics in Reading, PA. n and p type impurities 
are selectively placed into these devices to obtain the 
required device characteristics: ion implantation [20] is 
used in the manufacturing process to control these impurity 
levels. In particular, during P-base implant, boron is 
implanted into a silicon dioxide-silicon layer; 
approximately 5% of the implant dose is masked by the 
silicon dioxide. 
4. MANUFACTURING IMPLICATIONS OF THIS STUDY 
Investigation into what happens as the P-base dose 
increases is important for three reasons: 1) it gives us a 
further understanding of device physics and operation; 2) it 
shows how device parameters are affected by different P-base 
doses (e.g., if nominal dose changes over a long time span 
or due to variation in the ion implantation process); 3) it 
helps us establish a dose ''processing window" for the P-base 
implant. 
This study begins with a brief discussion of the 
experimental procedure used to collect data for this 
evaluation. Next, will be a brief discussion of how the 
increase in the P-base dose effects several device 
parameters (i.e. common emitter current g~in, on-resistance, 
16 
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and device breakdown). The analysis will conclude with a 
discussion of the current-voltage characteristics for these 
devices: models which predict device I-V characteristics in 
the low current regime will be developed. 
C. EXPERIMENTAL DATA 
To determine the effects of heavily doping the P-base 
\ region of the NPN and the P-shield region of the GDS, the 
only processing parameter which has to be adjusted is the 
P-base implant dose. Fifteen wafers were processed through 
wafer fabrication using standard wafer processing techniques 
except at P-base implant where 5 wafers were given a 
2."ox1015 ions/cm2 dose, 5 wafers were given a 2.sx1015 
· ions/cm2 dose, and 5 wafers were given a 3.0x1015 ions/cm2 
dose. For this experiment, the control dose was the 
2.ox1015 dose; the higher doses will be used to determine 
the effects of a heavily doped base. 
After completing wafer fabrication, the wafers were 
tested and several basic device parameters were measured. 
Most of the device parameters measured were forward bias 
parameters, i.e. common emitter current gain at 1 1.1 A for the 
GOS and the NPN, and on-resistance (Ron> for the GDS. One 
17 
reverse-bias parameter which was measured was GOS breakdown 
voltage. A summary of the measurements taken at testing can 
be found in Appendix A. Only parameters which exhibit a 
dependence on P-base dose are reported. 
After testing, a sample was pulled from each group, 
i.e. implant dose, and taken for a spreading resistance 
analysis to determine the effective electrical doping 
profile. Spreading resistances were done on both the 
emitter and the cathode regions. These profiles give both 
the shape of the doping level and the depth of the 
electrically active acceptor and donor impurities at the 
various P-base implant doses. From these profiles, it is 
possible to characterize some junction parameters: the 
average acceptor impurity density, Na, the average donor 
impurity density, Nd, the width of the acceptor depletion 
region, xp, the width of the donor depletion region, xn, and 
the width of the space-charge-region at zero-bias, WscrCO), 
can all be determined in a self-consistent manner from the 
spreading resistance information. Appendix B contains a 
detailed explanation of how junction parameters can be 
determined. The effects of P-base doping on junction 
characteristics are studied in Section D.4.c. 
The remaining wafers were used to determine device I-V 
characteristics. These measurements where taken by applying 
a current across the device and measuring the corresponding 
18 
. I 
forward voltage. For the GOS, these measurements were taken 
from cathode to anode; for the NPN transistor, these 
measurements were from emitter to base. Measurements were 
taken on two devices for each structure, i.e. GOS and NPN, 
at three temperatures, 298 K, 333 K, and 373 K. Device I-V 
characteristics are important towards modeling device 
physics. 
D. ANALYSIS AND DISCUSSION 
Several device characteristics must be examined to have 
an understanding of the effects of increasing P-base dose 
and to develop a physical model for device operation at low 
currents. Physical models of device operation are important 
at low currents for two reasons: 1) for proper circuit 
operation, it is necessary to keep device leakage current to 
a minimum; and 2) since series resistance effects do not 
·mask I-V characteristics in the low current regime, the 
determination of the mechanism which can be used to describe 
device I-V characteristics is relatively straightforward. 
Device I-V characteristics along with GDS on-resistance, GOS 
and NPN common emitter current gains, and GOS breakdown 
voltage will be examined in detail. 
19 
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1. GOS ON-RESISTANCE, Ron 
~ 
Figure 5 shows that the GOS on-resistance increases 
• 
when the P-base dose is increased. (Error bars, in this 
figure and any other, represent a ± one standard deviation 
(sigma) limit of the device parameter. Data was taken for 
25 devices. See Appendix A) Theory shows that the on-
resistance is inversely proportional to the average electron 
concentration in then-region. Mc Donald, Fossum, and 
Shibib showed that when the device length (distance from 
anode to cathode), w, is greater than 3 LA, where LA is the 
effective diffusion length, the GOS on-resistance can be 
written as[l] 
where A -
-lJ n -
lJ = 
n~O)= 
n(W)= 
q = 
w2 
2 q A ( µ n + lJ p> LA ( n ( 0) + n (W) ) 
device cross sectional area 
electron mobility 
hole mobility 
electron concentration at the anode 
electron concentration at the cathode 
electron charge 
The GOS devices studied in this paper satisfy the 
requirement that W > 3 LA. 
(1) 
If we define average electron concentration, n(ave), by 
n(ave) = ( n(O) + n(W))/2 
• 
(2) 
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Figure 5: GDS On-Resistance versus P-base implant dose. The GDS on-
resistance increases with increasing P-base implant dose 
due to a decrease in the number of electrons available for 
conduction. (Error bars represent +o (one standard dev.) limits) 
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{ -
equation 1 can be written as 
R0 n = w2 / ( 4 q A ( ii 11 + ii P) LA n (ave) ) (3) 
By ta~ing the ratio of Ron at one ~se to R0 n at a second \ 
dose, the relative average electron concentration can be 
found, i . e • , 
n(ave) 2 
n(ave) 1 
- (4) 
In this equation, the subscripts 1 and 2 represent doses 1 
and 2 respectively. This analysis indicates that 82.3 % of 
the electrons found at a P-base dose of 2.ox1015 ions/cm2 
are still available for conduction at a P-base dose of 
. 
2 •. sx1015 ions/cm2 ; however, only 64.5% of the electrons 
found at a P-base dose of 2.ox1015 ions/cm2 are available 
for conduction when the P-base dose is 3.0x1015 ions/cm2 . 
The decrease in available electrons, with increasing P-base 
doping level, occurs because of an increased amount of 
recombination in the base.region. In part, the increased 
amount of recombination in the base region causes less 
electrons to be injected across the shield. 
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Figure 6: 
R1r - Yw /'% 
I D Rs 
v. 
VJ .. I 0 
-
-
Ra 
Equivalent circuit r~presentation of a typical 
Gos[ 21 J 
The equivalent circuit representation for the GDS is 
shown in Figure 6. The equivalent circuit consists of an 
ideal diode in series with cathode and anode resistances 
lumped as Rs and in series with a parallel connection of the 
resistors R0 and R. R0 is the intrinsic resistance of the Tr 
middle region (without any charge injection), and R is the 
Tr 
voltage-dependent value of the resistance in the middle 
region expressed as the voltage drop in the middle divided 
by the currentC 21 ]. The R resistance, which is resistance 
7T 
modulated by the injection of electrons into the base 
region, will decrease as the number of electrons to the base 
decreases. The net effect of this is that R0 n, which can be 
written as 
1 
+ (5) 
1 1 
+ 
R 
1T 
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will increase as R increases. The decrease in the number rr 
of available electrons in the base region causes an increase 
in Rn and, thereby, increases Ron· So as the P-base doping 
level increases, R0 n increases. 
2. DEVICE GAIN 
The common emitter current gain, S, at a collector 
current of l ~A shows a dependence on the P-base dose for 
both the GDS and the NPN. The common emitter current gain 
is defined by 
(6) 
where I 0 is the colle~tor current,· and Ibis the base 
current. The GDS common emitter current gain at l wA is 
plotted versus P-base dose in Figure 7; the NPN common 
emitter current gain at 1 WA is plotted versus P-base dose 
in Figure a. These figures show the same trend: as P-base 
dose increases, the common emitter current gain decreases. 
The gain will decrease if the collector current 
decreases or if the base current increases. The reason that 
common emitter current gain decreases with increasing P-base 
dose is because the base current increases. This effect is 
caused by the same phenomena which causes the increase in ~ 
R0 n: namely, as P-base doping level increases, less 
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Figure 7: GDS Common Emitter Current Gain versus P-base implant dose. 
The common emitter current gain decreases with increasing 
P-base dose. Two possible causes would be increased recombination 
in the base or an increased electric field in SCR. 
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Figure 8: NPN Common Emit\er Current Gain versus P-base implant dose. 
The common emitter current gain decreases with increasing . 
P-base dose. Two possible causes would be increased recombination 
in the base or an increased electric field in the SCR. 
" 
electrons are injected across the P-base (or P-shield) 
region, partially due to recombination of electrons in the 
, base, and recombination increases in the base (or shield). 
I 
\ 
I 
An)increase in base current is required to supply 
recombination partners for these electrons. So, the common 
emitter current gain will decreases as P-base doping 
• increases. 
A second mechanism which could be used to explain this 
decrease in common emitter current gain would be the 
following: an increase in P-base dose causes a decrease in 
WscrCO) which causes an increase in the electric field in 
the depletion region. The increase in electric field causes 
the capture cross-sections to increase, and, thereby, the 
carrier lifetimes increase. The net effect of an increase 
in carrier lifetimes is a decrease in common emitter current 
gain. Either mechanism can be used to explain the decrease 
in common emitter current gain. 
3. GOS DEVICE BREAKDOWN 
..., ..... Figure 9 shows the GOS breakdown voltage versus P-base 
dose. It can be seen that the mean voltage at which device ·'-
breakdown occurs for the GOS remains constant; however, the 
range of voltages over which breakdown occurs decreases when 
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Figure 9: GDS Breakdown Voltage versus P-base implant dose. Device 
breakdown voltage remains independent of P-base dose. 
the P-base dose increases. Analysis of data from individual 
devices, shows that the spread is much wider at the lower 
doses because several devices exhibit breakdown voltages 
much different from the mean. (Figure 10). 
The breakdown voltage, BVceo' for the common emitter 
configuration is related to the common base breakdown 
voltage, BVcbo' and the common base current gain, a, by 
• 
BVceo = BVcbo (1- a ) 1/n (7) 
where n is a constantC 22 ]. The common emitter current gain 
is related to the common base current gain by 
\ 
s - or - s (Sa,b) 
Cl 
1 - s + l 
· So the common emitter breakdown voltage is a function of the 
common emitter current gain, i.e. BVceo = f (S). If we 
examine the distribution of the GOS gain (Figure 11), we can 
see that as the P-base dose increases, the distribution of 
the gain tightens. This tightening of the gain distribution 
causes the tightening of the range over which devices 
breakdown: this oc°'urs because of the parametric dependence 
of BVceo on the common emitter current gain. 
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4. I-V CHARACTERISTICS 
a. OBSERVATIONS 
Typical forward current-voltage characteristics for the 
GOS are shown in Figure 12. The logarithmic plot of current 
as a function of voltage (linear scale) exhibits ideal diode 
current dependence on the voltage for current levels up to 
about 1 w A. The P-shield region of the GOS prevents the 
n+-p junction from operating in high injection even though 
then-region may be in conductivity modulation. The bend in 
the characteristics at higher currents occurs due to the 
series resistance in the rr-region, cathode, and anode[ 21 ]. 
The dependence of device characteristics on physical 
parameters has been studied by Mc Donald, Fossum, and 
Shibib[ 1]. The NPN exhibits the same current-voltage 
', characteristics as the GOS. 
Two major characteristics to be studied are the effects 
of dose and temperature on current-voltage device 
characteristics. Figure 13 shows typical current-voltage 
characteristics for the GOS at three P-base doses with the 
temperature at 298 K. All three curves exhibit the same 
characteristics for currents greater than 100 nA-•) At low 
vol_tages, a strong increase in current occurs when the 
P-base doping level is increased. The regiOfl where the 
current is less than 1 nA is extensively studied in this 
paper. 
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Figure 14 shows typical current-voltage characteristics 
for the GOS at three temperatures with the P-base dose at 
3.0x1015 ions/cm2 • Up until the curve bends, around 0.01 A, 
an increase in current occurs when the temperature 
increases. An increase in current when the temperature is 
increased has been observed in p-n junction theory in the 
low current regimeC 23 ]. 
b. THEORY 
' 
In the low current regime, 1.ox10-lO A to 1.ox10-9 A, 
I-V characteristics for the GOS and the NPN can be predicted 
by p-n junction theory. Analysis of I-V characteristics in 
low current range can be used to develop models which 
. predict device operation. At low current, series resistance 
effects will not mask I-V characteristics, so the 
determination of the mechanism controlling I-V 
characteristics is relatively straightforward. 
The three major components of the current would be[ 23 ] 
1) the ideal component (Iideai>, 2) the non-ideal 
recombination component (Irecombination>, and 3) the 
tunneling component (!tunneling>· From p-n junction 
theory, the total current could be expressed as 
Itotal = Iideal + Irecombination + Itunneling (9) 
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Figure 14: Effects of increasing temperature on I-V characteristics 
of GDS device. An increase in current is seen when the 
temperature is increased. ",~ 
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Each of these terms will be discussed in detail in the 
following sections. Ideal current models have been 
developed by YangC 23 ]. The effects of non-ideal 
recombination current on I-V characteristics have been 
studied by YangC 23 ] and by Jones and KataiC 24 ]; tunneling 
characteristics have recently been studied by del Alamo and 
Swanson [6]. 
1. IDEAL p-n JUNCTION THEORY 
YangC 23 ] discussed ideal current-voltage 
characteristics for the p-n junction. For this case, the 
current can be found using 
!ideal= Io ( exp (qV/kT) -1) 
I 0 , which is known as the ideal saturation current, is 
determined by 
wl1ere 
Io= q A + 
= diffusion constant for holes 
= diffusion constant for electrons 
= equilibrium hole density on then side 
= equilibrium electron density on the p side 
= hole diffusion length 
= electron diffusion length 
= device cross-sectional area 
= electronic charge 
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( 10) 
( 11) 
The hole and electron diffusion lengths can be found using 
and 
where T n 
T p 
-
0 
-
-
= carrier lifetime of electrons 
= carrier lifetime of holes 
( 12a) 
(12b) 
Assuming electrons are the minority carrier (p-type 
semiconductor), we can rewrite the saturation current as 
-----------
where = intrinsic carrier density 
= average acceptor impurity density 
In equation 13, the only parameter which exhibits 
temperature dependence is the intrinsic carrier density: 
(13) 
·l! 
:J 
therefore, the saturatioh current can be found as a function 
of temper~ture using[23] 
I 0 = Bl T3 exp (-Eg / k T) 
where Bl= constant (independent of T) 
Eg = band-gap energy 
38 
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Equation 10 can further be simplified by assuming that 
exp(qV/kT) >> 1. -If this is true (at 298 K, V > .1 Volt 
satisfies this condition), we find that the ideal current 
can be expressed by 
Iideal = Bl T3 exp (-Eg / k T) exp (q V / k T) (15) 
Conditions which must be met to use ideal p-n junction 
theory to model device operation are: l) the ideal 
saturation current, I 0 , divided by T3 must be exponentially 
dependent on 1/T; and 2) the slope of the ln(I) versus V 
curve must approximate q / k T. 
2. NON-IDEAL GENERATION-RECOMBINATION MECHANISM 
• 
Two similar models for generation-recombination have 
been proposed by YangC 23 ] and Jones and Katai[ 24 J. The only 
fundamental difference between these models is that Yang 
describes the slope of the ln(I) versus V curve as a 
constant (i.e., q / (2 k T) ) while Jones and Katai describe 
the slope as being variable (i.e., q / ( m k T)). Yang's 
model is the ideal generation-recombination model; the model 
proposed by Jones and Katai is a non-ideal generation-
recombination model. The non-ideal model presented by Jones 
an4 KataiE 24 ] is more general, and, therefore, will be -
~-
39 
\ / 
~-
( I 
discussed in detail. Their model predicts that the total 
current would be given by an expression of the form 
Itotal = Iogr exp(qV/mkT) + I 0 exp (qV/kT) (16) 
where the first term in the expression, Iogr exp (qV/mkT), 
represents the non-ideal generation-recombination current 
and the second term, I 0 exp (qV/kT), is the ideal p-n 
junction current, with I 0 and Iogr being constants. The 
value of min the first term is the ideality factor. 
Experimental data reported by Jones and Katai shows that m 
is temperature dependentC 24 ]. At low currents, the ideal 
current expression would be dominated by the non-ideal 
generation-recombination expression giving 
Irecombination = Iogr exp(qV/mkT) (17) 
Analysis of this expression shows that the slope of the 
ln(I) versus V curve, for devices whose characteristics are 
controlled by the non-ideal generation-recombination 
mechanism, can be defined by 
d ln(I)/ dV = q / m k T (18) 
Therefore, if device characteristics can be predicted by a 
non-ideal generation-recombination mechanism, Sgr would be 
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temperature dependent. m can be then be determined from Sgr 
using 
m = q / Sgr k T (19) 
The intercept of the ln(I) versus V curve, Iogr' should 
,, 
also exhibit temperature dependence. Iogr' which is the 
non-ideal generation-recombination saturation current, can 
be expressed as a function of the intrinsic carrier density, 
ni, by(23] 
(20) 
where T0 
wscr 
= effective minority carrier lifetime in the depletion region 
= width of space-charge-region 
In equation 20, Iogr' exhibits temperature dependence 
through ni and Wscr· Because of this, we can expression the 
non-ideal generation-recombination saturation current, Iogr' 
as a function of T by 
Iogr = B2 T2 exp (-Eg / 2 k T) 
where B2 = constant (independent of temperature) Eg = band gap energy 
(21) 
Conditions which must be met to use the non-ideal 
generation-recombination model to predict device physics 
are: 1) the non-ideal generation-recombination saturation 
current, Iogr' divided ?Y T2 must be exponentially dependent 
\ 
'- - ) 
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on 1/T; and 2) the slope of the ln(I) versus V curve must 
approximate q / (m k T) where mis greater than 1 and mis 
linearly dependent on T. 
3. TUNNELING MECHANISM 
The mechanism discussed by del Alamo and swansonC 6 ] 
describes I-V characteristics in the low current regime when 
tunneling occurs. In their model, which was developed for 
the case of large barrier heights, the ''excess current'' 
would depend exponentially on V and would be of the form, 
Itunneling = A Jot exp (V/Vt) = Iot exp (V/Vt) (22) 
where J 0 t 
Vt 
A 
Iot 
= tunneling saturation current density 
= characteristic tunneling voltage 
= device cross-sectional area 
= A J 0 t = tunneling saturation current 
y 
The value of Vt depends linearly on square root of the 
reduced doping level, 
where Na= 
Nd= 
k3 = 
average~acceptor impurity density 
average donor impurity density 
constant 
The values of Na and Nd can be determined from spreading 
resistance measurements. 
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This tunneling process occurs across the junction 
space-charge-region and would serve as the rate limiting 
step of the total transition of the electron as it goes from 
the conduction band to the valence bandC 6 ]. For this 
mechanism, the slope of the ln(I) versus V curve, St, would 
be a constant independent of temperature, or 
(24) 
since Vt is essentially independent of temperature according 
' to equation 23. However, St should show a dependence on the 
doping level via Vt· 
I 0 t, for this tunneling mechanism, is proportional to 
Jot· J 0 t depends exponentially on the junction width at . 
zero bias, wscrCO), as 
J 0 t = kl exp (-k2 wscrCO)) 
with kl= constant 
k2 = constant 
and, assuming we have an abrupt junction, 
where s s 
Q)bi 
wscr (V) = 
2 Es ( Na + Nd) ( Q) bi - V) 
q Na Nd 
= semiconductor permittivity 
= built-in pot~ntial 
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(25) 
( 26) 
~bi can be approximated by 
(27) 
where ni = intrinsic carrier density 
del Alamo and Swanson's model "predicts that J 0 t depends 
exponentially (with a minus sign) on the bandgap (through 
the exponential dependen~ of J 0 t on the 
silicon bandgap would unequivocally confi~m the tunneling 
nature of the current and rule out its interpretation as a 
recombination current inside the space-cathode-region. 11 [ 6 ] 
del Alamo and Swanson found that Vt changed less than 
10 percent over temperature ranges of 160 K [6]. 
Further analysis of I 0 t shows that it depends 
exponentially on ¢bi' 
where k.4 = constant 
k5 = constant 
(28) 
Since ¢bi is dependent on T and l/ni2 , equation 28 shows 
that I 0 t should exhibit exponential dependence on T. (See 
.) Appendix c for derivation of this result.) 
Conditions which must be satisfied so that the 
tunneling mechanism can be used to model device I-V 
characteristics are: 1) the tunneling saturation current, 
I 0 t, is exponentially dependent on T; and 2) the slope of 
the ln(I) versus V curve is approximately independent of 
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temperature. Appendix C contains further information of the 
derivation of some of the equations used in this section. 
4. MODEL FOR PREDICTING TOTAL CURRENT 
Equation 9 shows that the total current is a 
combination of the ideal current, the non-ideal generation-~ 
recombination current, and the tunneling current. 
Itotal = Iideal + Irecombination + Itunneling (9 ) 
Because of this, all three mechanisms may contribute to 
device I-V characteristics. To simplify the analysis of the 
device I-V characteristics, it is proposed that one 
mechanism will always dominate the other two mechanisms: 
e.g., when the device can be modeled predominantly through 
the non-ideal generation-recombination mechanism, we have, 
Itotal = Irecombination (9a) 
This assumption simplifies the analysis, but still allows us 
to calculate very good models for device I-V 
characteristics. 
···-
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c. JUNCTION CHARACTERISTICS 
Before analyzing I-V characteristics, it is necessary ....... 
to use spreading resistance profiles to detetmine some 
junction characteristics. Of particular interest is the 
width of the space-charge-region at zero-bias, WscrCO). It 
has been reported by del Alamo and Swanson that tunneling is 
a predominant mechanism when WscrCO) is smaller than 
400 A [ 6]. Assuming an abrupt junction, WscrCO) can be 
estimated from spreading resistance information and 
equation 26. (For a detailed analysis of how WscrCO) is 
determined, see Appendix B.) Values for WscrCO) are 
presented in Table 1 and plotted versus P-base dose in 
Figure 15. Also shown in Table 1 are the average values of 
the donor impurity density, Nd, the average value of the 
acceptor impurity density, Na, the width of the donor 
depletion region, xn, the width of the acceptor depletion 
region, xp. In general, for both the GOS and the NPN, it is 
seen that as P-base dose is increased, the donor impurity 
density and the width of the donor depletion region remain 
approximately constant; however, the acceptor impurity 
density increases ~nd the width of the acceptor depletion 
~ 
region decreases when the P-base dose is increased. The net 
effect of the width of the acceptor region decreasing when 
the P-base dose is increased is that the junction width, 
Wsc"r(O), will decrease with increasing P-base dose. The 
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Table 1: Junction Parameters as Determined from Spreading 
Resistance Information 
Device: GDS 
P-base 
dose 2 (ions/cm) 
2.0x10 15 
2.0x10 15 
2.5x10 15 
2.5x10 15 
3.0x10 15 
3.0x10 15 
Device 
# 
46-1 
46-3 
3-1 
3-3 
11 -1 
11-2 
Na (cm- 3 ) 
2.94x10 16 
5.84x10 15 
2.56x10 16 
4.55x10 16 
1.08x10 17 
6.36x10 16 
Nd 
(cm- 3 ) 
2.37x10 17 
8.07x10 16 
1 • 98x10 1 7 
3.34x10 17 
4.03x10 17 
3.39x10 17 
X 
n 
(A) 
66 
72 
73 
59 
71 
68 
X p 
(A) 
533 
723 
566 
433 
267 
358 
Wscr(O) 
(A) 
59[,9 
795 
639 
492 
Table 1 (continued) 
Device: NPN 
P-base 
dose 2 (ions/cm) 
2.0x10 15 
2.0x10 15 
2.5x10 15 
2.5x10 15 
J.Ox10 15 
3.0x10 15 
Device 
# 
46-1 
46-3 
3-1 
3-3 
11 -1 
11-2 
Na (cm- 3 ) 
7.09x10 16 
6.13x10 16 
6.19x10 16 
9.00x10 16 
1 . 16 x10 1 7 
1.42x10 17 
Nd 
(cm- 3 ) 
2.42x10 17 
2.52x10 17 
2.39x10 17 
2.65x10 17 
3.19x10 17 
3.28x10 17 
X 
n 
(A) 
95 
87 
91 
97 
91 
95 
X Wscr(O) p 
(A) (A) 
324 419 
358 445 
350 441 
284 
249 
221 
381 
340 
316 
1'; 
-P--
"° 
800 
w 
s 
C 
600 
r 
( 
0 
) 
400 ( 
A 
) 
# 
# 
@ 
# 
@ 
2.0E+lS 2.5E+15 3.0E+l5 
P-BASE IMPLANT DOSE (ions/cm**2) 
@ 
# 
NPN 
GOS 
Figure 15: Wscr(O) versus P-base dose. The decrease in Wscr(O) occurs 
with increasing P-base dose because the width of the acceptor 
depletion region decreases with increasing P-base dose. 
decrease in WscrCO) when P-base dose increases occurs 
because the acceptor concentration increases while donor 
concentration remains approximately constant. 
Spreading resistance information also points out the 
major differences between the n+-p junction of the GOS and 
the n+-p junction of the NPN. In general, the 
space-charge-region for the GOS is wider than the space-
charge-region of the NPN. For example, at a P-base dose of 
2.sx1015 ions/cm2 , the average value of wscrCO) for the 
cathode is 566 A; for the emitter, the average value of 
WscrCO) is 411 A. Spreading resistance information shows 
that the n+-p junction for the GOS is a smooth, deep 
junction, while the n+-p junction ·for the NPN is a 
shallower, abrupt junction. 
d. ANALYSIS 
The I-V CHARACTERISTICS THEORY section of this paper 
(Section D.4.b.) outlined the ideal p-n junction mechanism, 
the non-ideal generation-recombination mechanism and the 
tunneling mechanism. Analysis of device I-V characteristics 
to determine what model predicts GOS and NPN operation in 
the low current regime involves discussion of the effects of 
dose and temperature change on two characteristics of.the 
I-V curve, namely, the slope of the ln(I) versus V curve, 
sexp, and the intercept of the ln(I) versus V curve, I 0 exp. 
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The slope and the intercept of the ln(I) versus V curve can 
be determined by linear regression. Data from the low 
current regime (l.Oxlo-10 A to 1.ox10-9 A) was used in this 
analysis because at low currents series resistance effects 
will not mask the I-V characteristics and, also, because 
analysis of device leakage current is important since this 
leakage current should be minimized. We start by analyzing 
I 0 exp as a function of temperature and then will look into 
the dependence of sexp as a function of temperature. 
1. INTERCEPT, I 0 exp 
Table 2 contains the experimentally derived values, 
using linear regression analysis, of I 0 8 xp for the GOS and 
the NPN at different P-base doses and different temperatures 
in the low current regime. The average value of I 0 exp is 
plotted versus T for the GDS in Figure 16 and for the NPN in 
Figure 17. These figures show that as P-base dose 
increases, I 0 exp increases for both devices. 
Analysis of I 0 exp versus T may give insight into what 
mechanism predicts device operation, particularly since 
theory shows that for each mechanism saturation current will 
exhibit a different exponential temperature dependence. For 
the tunneling mechanism, for example, it can be shown that 
I 0 t is approximately exponentially dependent on T (see 
Appendix C). Figures 16 and 17 show that r0 exp exhibits 
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Table 2: Experimentally Calculated Values of Io 
Device: GDS 
P-base 
dose 
(ions/cm**2) 
2.0E+lS 
2.0E+lS 
2.5E+l5 
2.5E+l5 
3.0E+lS 
3.0E+l5 
Device: NPN 
P-base 
dose 
(ions/cm**2) 
2.0E+l5 
2.0E+lS 
2.5E+l5 
2.5E+l5 
3.0E+l5 
3.0E+lS 
(in Amperes) for the GOS and the NPN 
at Different P-base Doping Levels 
and Temperatures in the Low current 
Regime (lxl0**-10 A to lxl0**-9 A) 
Device 
# 
45-3 
43-5 
2-1 
2-5 
10-2 
10-5 
• Device 
# 
45-3 
47-5 
2-2 
2-5 
10-2 
10-5 
Temperature (K) 
--------------~ 
298 333 373 
3.4E-14 7.SE-14 3.2E-12 
l.OE-15 4.0E-14 2.7E-12 
4.2E-12 l.lE-11 l.9E-ll 
8.7E-13 3.0E-12 l.4E-ll 
2.SE-11 4.SE-11 8.3E-ll 
6.lE-11 l.3E-10 l.SE-10 
Temperature (K) 
----------------
298 333 373 
l.9E-16 l.JE-14 9.0E-13 
l.JE-15 8.6E-14 l.9E-12 
2.4E-15 2.SE-14 l.3E-12 
6.2E-13 8.6E-12 l.4E-ll 
4.2E-12 l.SE-11 2.9E-ll 
6.3E-14 2.SE-13 3.0E-12 
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Figure 16: Ioexp versus T for GDS devices. Linear dependence of ln(Io) 
on T shows that a tunneling mechanism can be used to 
model the saturation current at all three doses. 
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Figure 17: Ioexp versus T for NPN devices. Linear dependence of ln(Io) 
on T shows that a tunneling mechanism can be used to 
model the saturation current at all three doses. 
exponential dependence on T. So the tunneling mechanism can 
be used to predict device saturation current. 
We can also analyze the expressions derived for 
I 0 (ideal) and Iogr (non-ideal generation-recombination) to 
see if they can be used to predic~_ the experimental 
'/ 
saturation current. For example;{ if ln(I0 exp/T3) is 
linearly dependent 
ideal model can be 
i 
I 
on 1/T (equa~ion 14), it follows that the 
I 
I 
I 
I 
used to determine saturation current. 
Figures 18 and 19 show that this is true. If I exp is 0 
temperature dependent, as in equation 21, it follows that 
the non-ideal generation-recombination model can also be 
used to predict device saturation current. Figures 20 
and 21 show I 0 exp/T2 versus 1/T for the GOS and NPN 
respectively. From these figures, it can be concluded that 
I 0 exp/T2 is exponentially dependent on 1/T as in 
equation 21. (In Figures 16-21, the average value of r 0 exp 
has been used. ) 
Analysis of I 0 exp shows that all three mechanisms can 
be used to predict the saturation current for these devices 
in the low current regime. The next step in this analysis 
is to study the slope of the I-V characteristics for these 
devices. 
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2. SLOPE, S8 xp, AND NON-IDEALITY FACTOR, m8 xp 
Table 3 contains values of S8 xp at different 
temperatures and P-base doping levels for the low current 
range. The average values of sexp are plotted in Figures 22 
and 23 for the GOS and NPN respectively. In general, it is 
observed that sexp decreases as the dose increases. For 
ideal p-n junction theory, the slope should remain constant 
independent of dose: so p-n junction theory cannot be used 
to model all three P-base implant doses. From non-ideal 
generation-recombination theory, this could be explained by 
an increase in the ideality factor, m, which could exhibit 
dependence on the P-base dose. From tunneling theory, the 
increase in slope occurs due to a decrease in the 
characteristic tunneling voltage, Vt· The spreading 
resistance information can be used along with equation 23 to 
show that as the P-base dose is increased, the value of Vt 
will decrease. 
Since del Alamo and Swanson found that tunneling may 
occur in devices where Wscr<O) is less than 400 A, the 
experimental slope of the ln(I) versus V curve will be 
analyzed in two parts: 1) when Wscr<O) is greater than 
400 A and 2) when WscrCO) is less than 400 A. 
60 
Table 3: Experimentally Calculated Values of s 
Device: GOS 
P-base 
dose 
(ions/cm**2) 
2.0E+l5 
2.0E+l5 
2.5E+l5 
2.5E+l5 
3.0E+l5 
3.0E+l5 
Device: NPN 
P-base 
dose 
(ions/cm**2) 
2.0E+l5 
2.0E+l5 
2.5E+l5 
2.5E+l5 
3.0E+l5 
3.0E+l5 
(in Volts••-1) for the GDS and the NPN 
at Different P-base Doping Levels 
and Temperatures in the Low Current 
Regime (lxl0**-10 A to lxl0**-9 A) 
Device 
# 
45-3 
43-5 
2-1 
2-5 
10-2 
10-5 
• Device 
# 
45-3 
47-5 
2-2 
2-5 
10-2 
10-5 
Temperature (K) 
---------------
298 333 
29 
36 
17 
21 
17 
16 
32 
34 
17 
21 
18 
17 
Temperature (K) 
------------------
) 
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Figure 22: Sexp versus 1/T for GDS devices. Decrease in Sat 
higher P-base doping levels shows that ideal p-n junction 
theory cannot be used to model device physics at higher 
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a. DEVICES WHERE wscrCO) > 400 A 
It is difficult to determine solely from the values of 
sexp whether ideal p-n junction theory or non-ideal 
generation-recombination model can be used to describe the 
I-V characteristics of these devices in the low current 
regime. However, if we divide sexp by q/kT and take the 
reciprocal, equation 19, we can find the experimentally 
derived values of m, mexp. Analysis of mexp as a function 
of T can then be used to show if the ideal p-n junction 
theory of YangC 23 ] or the non-ideal generation-recombination 
model of Jones and KataiC 24 ] can be used to describe the 
device physics. Experimentally calculated values of mare 
reported in Table 4. Figures 24 and 25 show average mexp as 
a function of T. Ideal p-n junction theory predicts that 
m = 1: this was found to be true for both devices when the 
,,P-base dose was 2.ox1015 ions/cm2 • So, ideal p-n junction 
theory can be used to model the GOS and the NPN when the ~ 
P-base dose is 2.ox1015 ions/cm2 • 
Jones and Katai found experimentally that mis linearly 
proportional to T [ 24 ]. Figures 24 and 25 show that mexp is 
proportional to T for the GDS at a P-base dose of 2.sx1015 
ions/cm2 • Since mexp is linearly dependent on T for this 
device at this dose, the expressions developed by Jones and 
Katai for a non-ideal generation-recombination mechanism can 
·be used to predict the low current I-V characteristics for 
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/ Table 4: Experimentally Calculated Values of m 
Device: GDS 
P-base 
dose 
(ions/cm**2) 
2.0E+lS 
2.0E+l5 
2-5E+l5 
2.5E+l5 
3.0E+l5 
3.0E+l5 
Device: NPN 
P-base 
dose 
(ions/cm**2) 
2.0E+l5 
2.0E+lS 
2.SE+l5 
2.SE+l5 
3.0E+l5 
3.0E+lS 
f~r the GDS and the NPN at 
Different P-base Doping Levels 
and Temperatures in the Low current 
Regime (lxl0**-10 A to lxl0**-9 A) 
• Device 
# 
45-3 
43-5 
2-1 
2-5 
10-2 
10-5 
• Device 
# 
45-3 
47-5 
2-2 
2-5 
10-2 
10-5 
Temperature (K) 
---------------
298 333 
1.3 
1.1 
2.2 
1.8 
2.3 
2.5 
1.1 
1.0 
2.0 
1.6 
2.0 
2.0 
Temperature (K) 
_______ ... _______ _ 
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Figure 24: mexp versus T for GDS devices. At a P-base dose of 2.0E15 
m ~ 1 indicating ideality. At a P-base dose of 2.5E15 non-
ideal generation-recombination was used to describe the 
device characteristics. mis unitless. 
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Figure 25: rnexp versus T for NPN devices. At a P-base dose of 2.0E15 
rn ~ 1 indicating ideality. At a P-base doseof 2.5E15 and 
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the GOS device when the P-base dose is 2.sx1015 ions/cm2 • 
Referring to Table 1, we see that for these devices, the GDS 
at a P-base dose of 2.ox1015 and 2.sx1015 ions/cm2 and the 
NPN at a P-base dose of 2.ox1015 ions/cm2 , wscrCO) is 
greater than 400 A. 
Values of m8 xp calculated for devices with 
Wscr(O) less than 400 A also show a temperature dependence; 
however, since tunneling has been reported in devices with 
WscrCO) less than 400 A, devices which met this requirement 
will be examined separately. 
b. DEVICES WHERE wscrCO) < 400 ~ 
As previously mentioned, it is necessary to study the 
I-V characteristics for devices with Wscr(O) less than 400 A 
separately. In the literature, tunneling has been reported 
in devices with WscrCO) less than 400 A[ 6J. Referring to 
Table 1, we see that when the P-base dose is 
3.0x1015 ions/cm2 both the GDS and the NPN, WscrCO) is less 
than 400 A; also, when the NPN is implanted with a dose of 
2.sx1015 ions/cm2, wscrCO) is approximately 400 A. 
Figures 22 and 23 show that average sexp is relatively 
constant for these devices. Figures 24 and 25 show that mexp 
does exhibit some temperature dependence; however, it is not 
clear that m8 xp is linearly dependent on T for these devices 
in these dose ranges. 
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A second way to analyze for tunneling would be to 
compare experimental values of saturation current density, 
J 0 exp, to tunneling saturation current densities which have 
been reported in the literature. del Alamo and Swanson 
calculated values of tunneling saturation current density 
for various devices. They found that in the 
regime, J 0 t was greater than 1ox10-lO A/cm2 
tunneling 
[6] 
• 
J exp is 0 
defined as I 0 8 xp divided by the device cross-sectional 
area, A, i.e., J 0 exp = I 0 exp / A. For the GOS device the 
cross-sectional area is 2.9xlo-6 cm2 ; for the NPN device the 
cross-sectional area is 9.0xlo-6 cm2 • Using these values, 
J 0 exp can be calculated. Table 5 contains values of J 0 8 xp; 
the average value of J 0 8 xp is plotted versus dose in 
Figure 26. For the devices where WscrCO) is less than 
400 A, J 0 exp is larger than what was determined, by 
del Alamo and Swanson, as a minimum tunneling saturation 
current density. 
Because Wscr(O) experimental is relatively close to 
W60r(O) tunneling (from del Alamo), J 0 exp is larger than J 0 t (from del Alamo), and sexp is relatively constant, it can be 
concluded that for the devices where WscrCO) is less than 
400 A, the tunneling mechanism proposed by del Alamo and 
Swanson can be used to predict their device physics. 
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Table 5: Experimentally Calculated Values of Jo 
(in A/cm**2) for the GOS and the NPN 
at Different P-base Doping Levels 
and Temperatures in the Low Current 
Regime (lxl0**-10 A to lxl0**-9 A) 
Device: GOS 
P-base 
dose 
(ions/cm**2) 
2.0E+l5 
2.0E+l5 
2.5E+l5 
2.5E+l5 
3.0E+l5 
3.0E+l5 
Device: NPN 
P-base 
dose 
(ions/cm• *2) 
2.0E+lS 
2.0E+lS 
2.5E+l5 
2.5E+l5 
3.0E+lS 
3.0E+lS 
• Device 
# 
45-3 
43-5 
2-1 
2-5 
10-2 
10-5 
• Device 
# 
45-3 
47-5 
2-2 
2-5 
10-2 
10-5 
Temperature (K) 
---------------
298 333 373 
l.2E-08 2.7E-08 l.lE-06 
3.SE-10 l.4E-08 9.3E-07 
l.SE-06 3.SE-06 6.6E-06 
3.0E-07 l.OE-06 4.SE-06 
8.6E-06 l.7E-05 2.7E-05 
2.lE-05 4.SE-05 6.2E-05 
Temperature (K) 
----------------
298 333 373 
2.lE-11 l.4E-09 l.OE-07 
l.4E-10 9.6E-09 2.lE-07 
2.7E-10 3.lE-08 l.4E-07 
6.9E-08 9~6E-07 l.6E-06 
4.7E-07 2.0E-06 3.2E-06 
7.0E-09 2.SE-08 3.3E-07 
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I 
' 
-J 
~ 
1.0e-04 
J 1.0e-05 
0 
1.0e-06 
( 
A 1.0e-07 
I 
C 1.0e-08 
m 
* 
* 
1.0e-09 
2 
) 1.0e-10 
@ 
@ 
2.0E+lS 2.SE+lS 3.0E+lS 
P-BASE IMPLANT DOSE (ions/cm**2) 
i NPN 
@ GOS 
Figure 26: Average Joexp versus P-base implant dose. Joexp is in 
the range where tunneling has been reported by del Alamo and 
Swanson, this along with device I-V characteristics, indicate 
that tunneling may be used to model characteristics at high doses. 
3. 'BEST-FIT' EXPRESSIONS FOR I= f (T,V) 
Using the conclusions from the previous two sections, 
it is possible to derive 'best-fit' expressions of·current 
as a function of temperature and voltage (at different 
P-base doping levels) for the GOS and the NPN in the low 
current regime. The equations, along with the proposed 
model, are reported in Table 6. 
E. CONCLUSION 
The effects of heavily doping the P-base regions of GOS 
and NPN devices have been studied. These devices are used 
in telephone switching networks by AT&T. The GOS is a 
monolithic crosspoint array which is used in high voltage 
switching applications; the NPN transistor controls the 
on-off functionality of the GDS device. Device application 
and functionality was discussed for both of these devices. 
Device characteristics and I-V characteristics for J~·1 
:f' 
4l" 
P-base doses of 2.ox1015 ions/cm2 , 2.sx1015 ions/cm2 , a£d 
,, 
,; 
3.0xlo15 ions/cm2 have been analyzed for both the GOS and 
the NPN to determine what mechanism can be used to predict 
device operation·when the P-base implant dose in increased. 
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Table 6: 'Best-fit' Expressions of Current as a Function of 
Temperature and Voltage (for the low current regime) 
and the Corresponding Physical Model Used to 
Determine these equations 
Device: GDS 
P-base 
implant 
dose 
(ions/cm 2 ) 
2.0x10 15 
2.5x10 15 
3.0x10 15 
I= f (T,\l) 
(A) 
I= 1.?x10- 10 T3 exp(-8258/T) 
x exp ( q \T / kT ) 
I - 9.9x10- 14 T2 exp(-2520/T) 
x exp (qV/(4.64-0.09T)kT) 
I - 3.5x10- 13 exp(0.016T) 
X e Xp ( 1 9. 2 ~if) 
Mechanism 
Ideal p-n 
junction 
theory 
Non-ideal 
generation-
recombination 
theory 
Tunneling 
mechanism 
Table 6 (continued) 
Device: NPN 
P-base 
implant 
dose 
(ions/cm 2 ) 
2.0x10 15 
2.5x10 15 
3.0x10 15 
I = f(T,\T) 
(A) 
I - 6.8x10- 8 T 3 exp(-10672/T) 
X exp ( q\T /kT) 
I - 3.7x10- 22 exp(0.062 T) 
x exp (26.2 Tv) 
I - 5.2x10- 18 exp(0.039 T) 
x exp (24.5 TV) 
Mechanism 
Ideal p-n 
junction 
theory 
Tunneling 
mechanism 
Tunneling 
mechanism 
In these expressions, I is in amperes, Vin volts, and Tin degrees Kelvin. These expressions were determined by least 
squares analysis and are applicable for current from 1x10- 10 A 
to 1x10- 9 A. 
This analysis gives insight into how device parameters are 
affected by different P-base doses and how variations in 
P-base doping level due to changes in the ion implantation 
process will change device parameters. 
Forward voltage device characteristics, such as common 
emitter current gain and GDS on-resistance, have been 
analyzed. Interpretation of this data shows that the number 
of available electrons in the base region decreases when the 
P-base dose is increased. This decrease in the number of 
available electrons occurs because recombination increases 
~ 
··- ,, 
in the base regions causing less electrons to be injected 
across the P-base region. The net effect of increasing the 
P-base dose is that device on-resistance increases, while 
common emitter current gain decreases. 
ree different transport mechanisms: 1) ideal p-n 
junction theory, 2) non-ideal generation-recombination 
theory, and 3) tunneling theory were analyzed to determine 
which can properly predict device I-V characteristics at the 
different P-base doping levels. The analysis of these I-V 
curves was done in the 0low current regime (lxlo-10 A to 
lxlo-9 A). Understanding of device currents in this range 
is important because ~he GOS device, which is a high current 
device, requires leakage current to be minimized to meet 
circuit application specifications. To simplify the 
analysis of the device I-V characteristics, it was assumed 
that only one mechanism would dominate device operation. 
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Ideal p-n junction theory was found to predict device 
I-V characteristics for both devices when the P-base dose 
was 2.ox1015 ions/cm2 • A non-ideal generation-recombination 
mechanism can be used to describe device operation for the 
GDS when the P-base dose was 2.sx1015 ions/cm2 • At a P-base 
dose of 2.sx1015 ions/cm2 , a tunneling mechanism can be used 
predict device I-V characteristics for the NPN. When the 
P-base dose is increased to 3.oxio15 ions/cm2 , a tunneling 
mechanism can be used to predict I-V characteristics for 
both devices. A tunneling mechanism was chosen rather than 
a non-ideal generation-recombination mechanism at these 
doses because experimentally calculated values of WscrCO) 
a~d J 0 8 xp support using a tunneling mechanism to predict 
device physics. The best fit equations of current as a 
function of voltage and temperature for the GOS and NPN at 
different P-base doping levels may be found in Table 6. 
These results show that as P-base doping leve{ is 
increased, ideal p-n junction theory can no longer be used 
to model these devices: rather, non-ideal generation-
recombination and tunneling mechanisms are required to 
properly model the GDS and the NPN at higher P-base implant 
doses. A second result of increasing the P-base dose is 
that the leakage current will increase (see Figure 13). 
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These findings, inability of the ideal p-n junction model to 
predict device behavior and increased leakage current when 
the P-base doping level is increased, show that any upward 
variation in P-base implant dose (e.g., due to long term 
( 
vJriation in the implant process) would have detrimental 
effects on device operation. 
' 
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Appendix A: Testing Results 
Table A-1: Testing Results for Wafers Receiving 
a 2.0xl0**15 P-base Implant Dose 
• NPN GOS Device • • • • 
• • • • 
• Common • Common • • 
• Emitter • On Emitter • • 
Wafer#- Gain at Resistance • at • • Gain • • 
Site# • 1 uA • (ohms) 1 uA • • 
• • • • 
6-1 • 5.9 • 12.3 4.1 • • 6-2 • 8.2 • 11.7 5.3 • • 6-3 • 5.6 • 12.0 4.3 • • 6-4 • 3.1 • 14.0 4.1 • • 6-5 • 5.4 • 14.3 5.3 • • 
14-1 • 9.2 • 15.8 4.0 • • 
14-2 • 9.0 • 13.4 4.1 • • 14-3 • 10.8 • 16.0 4.8 • • 14-4 • 4.8 • 21.4 4.8 • • 14-5 • 7.2 • 20.2 5.7 • • 49-1 • 8.1 • 13.6 6.6 • • 49-2 • 6.9 • 14.4 5.9 • • 49-3 • 8.6 • 14.3 8.3 • • 49-4 • 3.7 • 15.8 4.5 • • 49-5 • 5.8 • 15.l 5.7 • • 50-1 • 3.9 • 13.4 3.1 • • 50-2 • 4.7 • 15.1 3.6 • • 50-3 • 8.7 • 14.6 3.9 • • 50-4 • 3.9 • 15.4 5.3 • • 50-5 • 4.6 • 16.2 3.1 • • 
• • • • Average • 6.4 • 14.9 4.8 • • 
• • • • Sigma • 2.2 • 2.4 1.3 • • 
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Breakdown 
voltage 
(volts) 
797 
777 
777 
787 
791 
795 
777 
833 
711 
791 
~- 731 
789 
833 
833 
771 
791 
771 
777 
789 
793 
786 
29 
.. ,"" 
... 
• 
Table A-2: Testing Results for Wafers Receiving 
a 2.5xl0**15 P-base Implant Dose 
• NPN GOS Device • • • • 
• I • • • 
• Common • Common • • 
• Emitter • On Emitter • • Wafer#- • at Resistance Gain at • Gain • • • Site# • 1 uA • (ohms) l uA • • 
• • • • 
2-1 • 2.2 • 18.3 2.7 • • 2-2 • 4.2 • 17.7 1.6 • • 2-3 • 2.4 • 19.4 1.3 • • 2-4 • 1.2 • 25.l 2.7 • • 2-5 • 3.0 • 20.8 1.8 • • 3-1 • 4.1 • 19.5 3.9 • • 3-2 • 3.7 • 17.6 3.6 • • 3-3 • 4.4 • 18.8 4.1 • • 3-4 • 2.7 • 21.6 1.0 • • 3-5 • 3.2 • 20.8 2.8 • • 4-1 • 4.8 • 15.9 0.7 • • 4-2 • 5.3 • 15.3 1.1 • • 4-3 • 6.7 • 15.2 1.1 • • 4-4 • 6.0 • 17.3 1.0 • • 4-5 • 5.2 • 16.0 1.3 • • 5-1 • 4.3 • 18 .1 2.7 • • 5-2 • 4.6 • 15.5 2.6 • • 5-3 • 4.1 • 16.6 2.4. • • 
• 5-4 • 1.2 • 15.7 1. o· • • 5-5 • 4.3 • 17.8 0.7 • • 
• • • • Average • 3.9 • 18.l 2.0 • • 
• • • • 
.. Sigma • 1.4 • 2.5 1.1 • • 
/ 
\ 
\ 
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Breakdown 
voltage 
(volts) 
789 
785 
779 
789 
787 
793 
773 
783 
795 
793 
833 
783 
833 
833 
785 
787 
777 
775 
791 
787 
793 
18 
Table A-3: Testing Results for Wafers Receiving 
a 3.0xlO**lS P-base Implant Dose 
Device • NPN • 
• 
• 
• Common ,, • 
• Emitter • 
Wafer#- • Gain at • 
Site# • l uA • 
• 
• 
11-1 • 1.8 • 
11-2 • 1.0 • 
11-3 • 1.9 • 
11-4 • 1.4 • 
11-5 • 1.5 • 
10-1 • 2.8 • 
10-2 • 2.1 • 
10-3 • 1.4 • 
10-4 • 1.3 • 
10-5 • 0.6 • 
13-1 • 1.0 • 
13-2 • 4.5 • 
13-3 • 1.4 • 
13-4 • 1.0 • 
13-5 • 4.0 • 
12-1 • 1.5 • 
.!-' 
12-2 • 1 3.1 • 
12-3 • 3.3 • 
12-4 • 1.1 • 
12-5 • 1.9 • 
• 
• 
Average • 1.9 • 
• 
• 
• Sigma • 1.1 • 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
GDS 
On 
Resistance 
(ohms) 
21.4 
18.8 
22.6 
29.8 
25.8 
23.8 
20.6 
q 
29. 5~ 
29.9 
23.6 
19.l 
18.1 
19.4 
18.3 
20.8 
26.7 
19.4 
19.5 
28.4 
27.2 
23.l 
4.2 
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Common 
Emitter 
Gain at 
1 uA 
( 
I 
' 
·, ':,.._ 
0.5 
0.7 
0.4 
0.3 
1.3 
0.1 
1.9 
1.0 
0.2 
1.0 
0.2 
0.5 
0.4 
0.6 
1.6 
0.9 
1.6 
0.9 
0.1 
1.5 
0.8 
0.6 
Breakdown 
voltage 
(volts) 
789 
785 
779 
791 
791 
791 
783 
779 
791 
797 
793 
789 
785 
789 
783 
787 
783 
777 
789 
791 
788 
5 
~-
ri! '·' j 
\ 
, 
I 
/ 
(. 
/ 
, 
l. 
,/ 
( 
) 
' ) 
I 
.I 
Appendix B: Spreading Resistance Information 
Spreading resistance data can be used to calculate 
several junction parameters, e.g. Na, Nd, xn, xp. To 
obtain these parameters, it is necessary to solve several 
/ 
' constraints simultaneously. To begin with, the width of 
the space-charge-region for an abrupt junction can be 
found using equation 26, 
WscrCV) = 
2 s s ( Na + Nd ) ( ¢ bi - V) 
q Na Na 
s 9 , Na, Nd, and ¢bi were defined in Section D.4.b.3. 
(26) 
Na and Nd are the average electrically active 
impurity densities for the acceptor and the donor 
respectively. Since the calculation assumes an abrupt 
junction, Na and Nd are constants throughout the depletion 
layer. They are found by taking the total number of 
electrically activated impurities and dividing by the 
width of the depletion region, i.e., 
(B-1) 
and 
(B-2) 
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where (Na>total = total number of e~ectrically active 
acceptor ions/ cm 
. 
(Nd>total = total number 0£ electrically active 
donor ions/ cm 
The other constraint is that the total charge on the 
donor depletion side of the junction equals the total 
charge on the acceptor side of the junction, 
0 
Nd dx 
-xn 
-
and that when this is true, 
dx 
0 
• 1. e., 
(B-3) 
(B-4) 
Analysis of junction parameters involves simultaneously 
solving (26), (B-1), (B-2), (B-3),,and (B-4). This is 
-done as follows: 
1) Guess xp 
2) Solve the right side of equation (B-3) 
3) Find corresponding -xn using (B-3)J 
4) Use equation (B-4) to estimate WscrCO) 
5) Use equations (B-1) and (B-2) to find Na and Nd 
6) Use these values in equation (26) to find WscrCO) 
7) Compare WscrCO) from step 4 to Wscr(O) from 
step 6: if these values do not agree return to 
step 1 
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An expanded spreading resistance profile is shown in 
Figure B-1. For this junction, Wscr(O) would be found as 
follows: 
FIRST ITERATION 
1) Xp = 260 A 
2) (Na>total = 2.ox1019 ions/cm2 
3) X = 65 n A 
4) WscrCO) - 325 A 
5) N = 1.1x1016 a ions/cm3 and Nd= 3.1x1017 ions/cm3 
6) WscrCO) = 398 A; guess another xp 
SECOND ITERATION 
1) Xp = 360 A 
2) (Na>total = 2.3xlo19 ions/cm2 
3) X = 67 n A 
4) wscrCO) - 427 A 
5) N = 6.4xlo16 a ions/cm3 and Nd= 3.4x1017 ions/cm3 
6) WscrCO) = 426 A. This is close enough! 
Let wscrCO) - 426 A 
--- ___ ./ WscrCO); however, this calculation may not yield the only 
unique solution. 
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Appendix C: Tunneling Mechanism Calculations 
• 
I 
• 
To enhance the understanding of the tunneling 
mechanism, the equations which predict device operation for 
this mechanism will be developed in this appendix. Much of 
this analysis is taken from del Alamo and SwansonC 6 ]. 
To the first order approximation, the tunneling 
probability, Tprob' through a potential barrier of height, 
ET, and thickness, wb, is 
where 
( 
Tprob ~ exp -
m* = effective mass h = Planck constant 
) 
(C-1) 
For a p-n junction, the height of the barrier to tunneling 
• 1S 
where 
ET= q ( ¢bi - V) 
¢bi= junction built-in voltage 
If we assume an abrupt junction, the thickness of the 
tunneling barrier can be found by 
-
2 Es ( ¢ bi - V) Na 
q Nd (Na+ Nd) + 
2 s s ( ¢ bi - V) Nd 
q Na ( Na + Nd) 
where xn = width of donor depletion region Xp = width of acceptor depletion region 
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(C-2) 
(C-3) 
(C-4) 
So, 
Wscr (V) = 
q Na Nd 
- - ( cp bi - V) 
Substituting equation 26 into equation C-1 we get, 
4 7T 
h 
Tprob~ exp - -----
) 
/2 m* q <P bi wscrCO) 
1 
(26) 
V (C-5) X exp 
a 7r/m* Es 
h I 
The tunneling current, !tunneling' is approximately equal to 
the probability of an electron tunneling through the 
barrier, i.e., 
Itunneling Tprob (C-6) 
With this in mind, we see that the tunneling current can be 
written in the form 
Itunneling - Iot exp (V/Vt) (22) -
where 
h Na Nd 
(C-7) Vt -
8 1T I m* s s Na+ Nd and 
-
- exp f -
l 
4 7T 
h 
/2 m• q <P bi (C-8) 
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Analysis of equation C-5 shows that the first 
exponential term in this equation is dependent on 
temperature through ¢ bi, while the second term is 
independent of temperature. Knowing this, equation C-5 can 
be written as a function of temperature by 
I 0 t (T) = k4 exp ( k5 ¢ bi (T)) 
where k4 = constant 
k5 = constant 
Substituting ¢bi into this expression we get 
I 0 t (T) = k4 exp ( k5 k T ln (Na Nd/ ni2) / q) 
ni2 is dependent on T and can be written as 
exp (-Eg / k T) 
where k6 = constant 
( 28) 
(C-9) 
(C-10) 
Substituting the expression for ni into the expression for 
¢bi, we get that 
¢bi= (k T ln (Na Nd) - k T ln(k6) - 3 k T ln(T) + Eg) / q 
(C-11) 
Substituting equation C-11 into equation 28 and assuming 
that the ln(T) term can be treated as a constant, we find 
that 
I 0 t (T) = k4 exp (k7 T) (C-12) 
where k7 = constant 
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Equation c-12 is only an estimate of how tunneling 
saturation current will depend on temperature. Estimations 
made in going from equation C-9 to equation c-12 may 
oversimplify the equation. However, equation c-12 can be 
used as a rough estimate to determine if the tunneling model 
can be used to describe the device physics for the devices 
used in this study. 
\ 
\ 
' 
91 
Appendix D: List of Symbols 
Table D-1: List of Symbols 
Symbol Description 
A 
Bl 
B2 
BVcbo 
BVceo 
Dn 
DP 
Eg 
ET 
h 
I exp 
0 
device cross sectional area 
constant 
constant 
common base breakdown voltage 
common emitter breakdown voltage 
diffusion constant for electrons 
diffusion constant 
band-energy gap 
barrier height 
Planck constant 
base current 
collector current 
for holes 
ideal p-n junction theory current 
saturation current for ideal p-n junction theory 
experimental saturation current 
saturation current for non-ideal generation-recombination theory 
tunneling saturation current 
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' 
Symbol 
!recombination 
Itotal 
!tunneling 
J exp 
0 
kl 
k2 
k3 
k4 
k5 
k6 
k7 
m 
mexp 
m* 
n 
n(O) 
n{ave) 
n(W) 
Description 
non-ideal recombination current 
total current 
tunneling current 
experimental $aturation current density 
tunneling saturation current density 
Boltzmann constant 
constant 
constant 
constant 
constant 
constant 
constant 
constant 
effective diffusion length 
electron diffusion length 
hole diffusion length 
ideality factor 
experimental ideality factor 
effective mass 
constant 
electron concentration at the anode 
average electron concentration 
electron concentration at cathode 
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Symbol 
n, 
1 
Pno 
q 
R 
7T 
gexp 
'I'prob 
V 
Description 
average acceptor impurity density 
total number of electri~ally 
active acceptor ions/cm 
average donor impurity density 
total number of elec~rically 
active donor ions/cm 
intrinsic carrier density 
equilibrium electron density on the 
p side 
equilibrium hole density on then 
side 
electronic charge 
intrinsic reistance 
GDS on-Resistance 
!J 
lumped cathode and anode resistance 
voltage-dependent resistance 
experimental slope of ln(I)-V curve 
slope of ln(I)-V curve for non-ideal 
generation recombination 
slope of ln(I)-V curve for tunneling 
temperature 
tunneling probability 
voltage 
characteristic tunneling voltage 
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Symbol 
w 
a 
s 
0 
Description 
GOS device length (anode to cathode) 
barrier thickness 
width of Space-Charge-Region at 
zero bias 
width of donor depletion region 
width of acceptor depletion region 
common base current gain 
common emitter current gain 
semiconductor permittivity 
built-in potential 
carrier lifetime of electrons 
effective minority carrier lifetime 
in the depletion region 
carrier lifetime of holes 
electron mobility 
hole mobility 
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